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Abstract
Model-based analysis and simulation of the airﬂow control system of ventilation units is of primary importance for the design and
maintenance of the entire HVAC system in building environments. In this paper, we develop a mathematical model to simulate such
airﬂow control systems. The model is implemented and a systematic analysis of the system is carried out, including its dynamic
simulations in SIMULINK. The simulation results are compared with data obtained from analytical predictions as well as with
experimental results available for a lab-scale ventilation unit. Finally, based on the combination of temperature and airﬂow regulations
with conventional PI controllers, we provide the results of simulations of the entire ventilation unit control system for two different types
of loading conditions.
r 2005 Elsevier Ltd. All rights reserved.
Keywords: HVAC systems and building environments; Simulation; Ventilation unit; Air ﬂow control
1. Introduction
Design, testing, operation, and management of heating,
ventilation and air conditioning (HVAC) systems rely
increasingly on simulation techniques. Such techniques
together with model-based analysis of HVAC systems and
validation methodologies provide an important tool help-
ing the users to carry out thorough tests of the systems by
emulating their performance on a computer.
HVAC systems are equipment usually implemented for
maintaining satisfactory comfort conditions in buildings.
The energy consumption as well as indoor comfort aspects
of ventilated and air conditioned buildings are highly
dependent on the design, performance and control of their
HVAC systems and equipment [1]. A typical ventilation
unit can be simulated by considering two major compo-
nents: the thermal block and the airﬂow block. These
components for controlling temperature and airﬂow are
indispensable in the design of the entire control system. In
our airﬂow model, we take into account all its major parts
such as the AC motor, frequency converter, air fan, air
ﬁlter, pressure sensor, and temperature sensor. Our goal is
to develop a computational procedure based on the
mathematical modeling of each such part and to couple
them together in an efﬁcient manner. Then, we will
analyze/emulate the entire control system by adding a PI
controller and validate the results with analytical predic-
tions and experimental data.
We will also pay a special attention to different loading
conditions which constitute different thermal comfort con-
trolling objectives: the temperature of the air extracted from
the room, and the temperature of the air exited of heat
exchanger and supplied from the ductwork to room. These
situations will require controlling the supply air temperature
and the exhausted air temperature, respectively.
Note that HVAC systems are typically controlled by
using a proportional plus integral (PI) control law.
However, it is known from experiments for a lab-scale
ventilation unit that the airﬂow control system exhibits
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non-linear operating characteristics which cause control
performance to vary when operating conditions change.
This explains why the control scheme applied to the airﬂow
regulation is a PI controller which can ensure that the
performance of the system is stable and accurate [2].
We organize this paper as follows. In Section 2 we
provide a brief introduction to a typical ventilation unit
that used in building environments, as well as to the
controlling sequence and the concept of the entire
regulation system. In Section 3 we develop mathematical
models for each component of the airﬂow control system
and present a computational procedure for dynamic
simulations of the system. The experiment-based graphs
are also presented in this section. In Section 4 we discuss
the concept of airﬂow regulation systems based on the
airﬂow model with conventional PI controller. The
performance of the entire plant model is also illustrated
here. In Section 5 we use our model to simulate several
typical loading conditions important for the construction
of the entire control loop. Conclusions are given in Section
6 of the paper.
2. The ventilation unit description and the concept of the
entire control system
The ventilation unit is a one-piece unit manufactured for
comfort ventilation. It consists of the direct driven supply
air and exhaust air fans, air ﬁlters, the heat recovery
section, AC motor, frequency converter and built-in
control equipment controlled from a hand-held terminal
with plain text display. Due to its microprocessor-based
structure, the system can solve highly complicated tasks.
When heating is required, the rotor speed will ﬁrst increase
in the heat recovery unit. This will allow heating the supply
air even if the outdoor temperature is very low. The
procedure takes place as a controlling sequence and the
main parameters in this sequence are temperature and
airﬂow. Therefore, a closed-loop control system controls
(a) the outlet temperature from the Heat Recovery model
and (b) the airﬂow of the supply and exhausted air from the
Air Flow model. This system is applied with conventional
PI controllers and is aimed at emulating the performance
of the entire control system as shown in Fig. 1, which is
inspired by [3]. The individual components within the
ventilation unit for the airﬂow control system are speciﬁed
in Table 1. For convenience, we also present them in a
simpliﬁed diagrammatic way in Fig. 2.
3. Analysis and mathematical modeling
In Fig. 3 we illustrate the airﬂow model and its feedback
loop designed for fulﬁlling the constant airﬂow control.
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Nomenclature
D diameter of duct, m
L length of duct, m
v airﬂow velocity, m/s
r density, kg=m3
DP pressure difference, Pa
T temperature, K
V volume of room, m3
A area of the wall of room, m2
cp speciﬁc heat of air at constant pressure, J/kgK
Fig. 1. Concept of the entire ventilation unit control system integrated
with temperature control and airﬂow control.
Table 1
Components of ventilation unit
1 Outdoor air
3 Extract air
12 Exhaust air
14 Supply air
2, 13 PS-F Pressure sensor for checking the ﬁlter status
4, 18 MP-AF Airﬂow measurement probe (transmits input signals
to the controller for controlling the speed of the fans
to obtain the preset airﬂow rate)
5, 17 M AC motor controlled in airﬂow control
6, 16 FC Frequency converter for variable speed control of the
fan motors
7, 19 Fan Extracted and supply air axial fan
8 VSC Variable speed-controlled rotary heat exchanger with
purging operation (the speed of the rotor is
supervised and controlled across temperature sensors
in the outdoor air and exhaust air ﬂows)
9 HT Hand-held terminal for setting air ﬂows,
temperatures, control functions, hours in operation,
etc. and alarms
10 TS-EA Exhaust air temperature sensor
11, 23 Air
Filter
Exhaust and supply air ﬁlter
15 TS-SA In-duct supply air temperature sensor (located in the
duct)
19 Fan Supply air fan
20 RM-HE Rotation monitor for checking the rotation of the
heat exchanger
21 HEM Heat exchanger drive motor
22 TS-OA Outdoor air temperature sensor
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This control system contains a number of different models
which are linked together to represent this complex system.
The idea here is that individual models within a simulation
may interact freely with other models. Alternatively, they
may derive some of their inputs/outputs externally. Note
that the required airﬂow is preset from a hand-held
terminal display, and the air fan will rotate under the
torque of shaft (provided by the AC motor driven by the
frequency converter). Then, pressure drops over the ﬁlter
and duct, rises from the fan, converted to the volumetric
airﬂow and acts as a feedback to the controller. Now, our
goal is to explain the essential physics and provide details
on modeling and simulation for each component.
3.1. Frequency converter and AC motor
In the ventilation unit, the power for extracting and
supplying air is provided by the AC motor. From [4], we
know also that the speed of an asynchronous motor
depends primarily on the pole number of the motor and the
frequency of the voltage supplied. Furthermore, the
amplitude of the voltage supplied and the load on the
motor shaft also inﬂuence the motor speed. Therefore, a
good methodology for asynchronous motor speed control
would be just to change the frequency of the supply
voltage. This is achieved by the frequency converter which
allows us the conversion from the ﬁxed voltage and
frequency of the supply mains to a variable voltage/
frequency. Given these facts, it is clear that the frequency
converter and the AC motor play a critical role in the
airﬂow control system.
Frequency converters allow us to use a ramp function
when starting and stopping the motor. We will have the so-
called soft start if we are able to avoid starting both fans at
full speed with closed dampers. A side useful effect that is
also well known is that in this way we reduce stresses on the
fan transmission (belts) at the start [5]. Our simulation
result for the frequency converter is presented in Fig. 5. It is
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Fig. 2. Diagram of conﬁguration and control system of ventilation unit.
Fig. 3. The structure of building components within the airﬂow control system.
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obtained from the function block given in Fig. 4 which is
constructed for producing a ramp function.
In Fig. 5 we present the performance of the frequency
converter with different required values. By analyzing the
results, we conclude that irrespective to the input
frequency, the model will produce a ramp function in
which the saturation value equals to the input frequency.
This result has been validated by experiments on the actual
system.
The next step is to consider the motor. We limit our
attention to squirrel-cage motors which are three-phase
induction motors with a cage winding in the rotor. When
AC voltage is applied to the stator, current ﬂows through
the windings. As a result, a rotating magnetic ﬁeld will be
developed in the space between stator and rotor and a
relative speed will be produced between the rotating
magnetic ﬁeld and the rotor [6]. This motion generates an
inductance current in the rotor windings resulting in a
mechanical Lorentz force which in its turn is responsible
for creating a torque.
Recall that the rotating synchronous speed of magnetic
ﬁeld of the motor can be determined as
nS ¼ 120
f
p
ðr=minÞ, (1)
where f (Hz) is the frequency from frequency converter and
p is the number of the poles. The difference between the
rotor speed n (rpm) and the synchronous speed nS (rpm) of
the rotating ﬁeld is called slip s. It is dimensionless variable
and we ﬁxed this value at 3. Therefore, the rotor speed can
be deﬁned as
n ¼ 120 f ð1 sÞ
p
ðr=minÞ. (2)
Based on the Eq. (2), the static relationship between the
input and output of the motor can be established in terms
of the functional block in SIMULINK. This block is given
in Fig. 6.
As explained above, the rotational speed of the motor is
computed statically in our procedure, but it varies with
input conditions (e.g., the input frequency, slip, and pole).
3.2. Air axial fan
Axial ﬂow coefﬁcients c are derived from the static
pressure rise across the fan measured on a ﬂow stand [7]:
c ¼ DPstatic
1
2
rvtip2
, (3)
where DPstatic (Pa) is the measurement of the difference in
static pressures between the ﬂow stand plenum and the
downstream room where the fan ﬂow is dumped. Finally,
vtip (m/s) is the fan tip velocity deﬁned by Eq. (4):
vtip ¼ pd tip
N
60
, (4)
where d tip (m) and N (r/m) are the fan diameter and fan
speed, respectively.
In Fig. 7 a typical ﬂow stand is given, where the plenum
is located at position 1, the fan is installed between
positions 2 and 3, and the downstream exit room is located
at position 4. We follow the same idea as in [7] by ﬁrst
noting that DPstatic from a fan test corresponds to P4  P1.
This value can be found in several steps. As pointed out in
[7], as the ﬂow accelerates from 1 to 2 in the plenum, the
static pressure drops, and at the entrance to the fan at 2,
the static pressure will drop by the amount equal to the
dynamic pressure at that location (see the ‘‘static pressure
proﬁle’’ in Fig. 7).
The static pressure at 2 can be determined as
P2 ¼ P1  12rvavg2 , (5)
where r (kg=m3) is the inlet density at the fan face on the
streamline passing through the fan center, and vavg (m/s) is
the average air velocity into fan. Furthermore, the static
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Fig. 4. Schematic block diagram of frequency converter model in
SIMULINK.
Fig. 5. Simulation of frequency converter model in SIMULINK for soft
start by using a ramp function. Fig. 6. Schematic block diagram of the AC motor model in SIMULINK.
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pressure change across the fan can be determined as
DPfan;static ¼ P3  P2. (6)
At the fan exit of 3, the static pressure P3 is equal to the
static pressure in the exit room P4, giving that P3 ¼ P4.
Similar to [7] we combine Eqs. (5) and (6) to get, the static
pressure rise across the fan:
DPfan;rise ¼ P4  P2 ¼ P4  P1 þ 12rv22
¼ DPstatic þ 12rv22 . ð7Þ
Finally,
Ptotal ¼ DPfan;rise ¼
1
2
rvtip2cþ
1
2
rvavg2
¼ 1
2
r pd tip
N
60
 2
cþ 1
2
r
_v
Afan
 2
, ð8Þ
where Ptotal is the total pressure difference between input
and output, Afan (m
2) is the annular swept area of the fan
(in which the fan hub should be excluded).
From a practical point of view, the axial ﬂow coefﬁcients
c can be determined through experiments based on a lab-
scale ventilation unit (e.g., by using pressure sensors
located at front and rear side of fan). In what follows, we
assume that c is a constant independent of time and
temperature. By combining (3) and (4), we evaluate c as
follows:
c ¼ DPstatic
1
2rðpdtipÞ2½2f ð1 sÞ=p2
. (9)
In Fig. 8 we compare the results obtained according to the
procedure described above with average value of c and
the data obtained from experiments. This concludes the
deﬁnition of all the parameters that we need for the
description the physical phenomena related to pressure rise
across the air axial fan. The functional block for the fan is
constructed on the basis of Eq. (8) and one can emulate the
performance of the fan with the developed model. Fig. 9
illustrates the static relationship between the output and
the input airﬂow, the density of the air, and the properties
of the fan (such as diameter, pressure coefﬁcient, etc.).
3.3. Duct
The analysis of the duct in the ventilation unit is reduced
to the thermodynamic analysis of incompressible gas ﬂow
in a duct [5]. For convenience, it is customary to denote the
point at the beginning and the end of the duct by 1 and 2,
respectively. Since there is no mechanical power, we follow
a standard procedure writing the energy balance equation
for steady-state ﬂow as follows:
h1 þ 12 v12 þ gz1 ¼ h2 þ 12 v22 þ gz2, (10)
h2  h1 ¼
Z 2
1
T ds þ 1
r
ðp2  p1Þ. (11)
We denote by Dp ¼ r R 21 T ds the entropy generation given
as pressure loss. As a result, our model can be rewritten in
the following customary form:
p1 þ 12rv12 þ rgz1 ¼ p2 þ 12rv22 þ rgz2 þ Dp. (12)
We limit ourselves to a straight duct where z1 ¼ z2 and to
the uniform cross-sectional area is uniform (that is where
v1 ¼ v2). This gives that Dp ¼ p1  p240. Furthermore, Dp
is the duct pressure loss resulted from the entropy
generation. Hence, given the above simpliﬁcations we
determine the pressure loss as follows:
DPloss;duct ¼ l
L
D
rv2
2
, (13)
where l is the friction factor which can be determined as
highlighted below, v is the average air velocity ﬂow through
the duct (m/s), r is the density of air inside duct ðkg=m3Þ,
other parameters are speciﬁed in Nomenclature [8].
For a laminar ﬂow ðRep2300Þ, the friction factor l is
l ¼ 64=Re, (14)
where Re ¼ rvD=m, m is absolute viscosity coefﬁcient which
is deﬁned in Table 2.
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Fig. 7. Fan Test stand and static pressure proﬁle [7].
Fig. 8. Comparison of the pressure rise obtained from experiments and
the data computed from the equation with average value coefﬁcient.
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For a turbulent ﬂow ðRe43500Þ, the friction factor l is
1ﬃﬃﬃ
l
p ¼ 2 log e
3:72D
þ 2:54
Re0:901
 
. (15)
As follows from (15), the friction factor depends not only
on the Reynolds number, but also on the duct wall relative
roughness e=D, (e is the average height of the roughness in
the duct wall). The value of e is given in Table 3.
In the transient regime where 2300oReo3500, the ﬂow
may be laminar or turbulent, and we use the following
formula for the evaluation of l:
l ¼ l2300ð3500 ReÞ þ l3500ðRe  2300Þ
3500 2300 , (16)
where l2300 and l3500 are the calculated l values at Re ¼
2300 and Re ¼ 3500, respectively.
Pressure drop due to the local resistance is determined as
Z ¼ z v
2
2
r, (17)
where z is the local hydraulic coefﬁcient (sometimes
referred to as the local friction resistance factor). This
coefﬁcient depends on the geometrical shape of the
ductwork and ﬂow path through the various ﬁttings used
in duct systems [5].
Hence, the pressure loss and the corresponding resis-
tance height are the sum of the friction losses and
individual resistances:
DPduct;loss ¼ l
L
D
þ
X
z
 
rv2
2
¼ l L
D
þ
X
z
 
r
2
_v
A
 2
. ð18Þ
The duct model is implemented through the function block
construction in SIMULINK as shown in Fig. 10 based on
(18). It can be seen on this block diagram that the output of
pressure drop is determined by the geometrical size of duct,
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Fig. 9. Schematic block diagram of axial fan model in SIMULINK.
Table 2
Properties of air at atmospheric pressure [8]
T r cp m 105 n 106 k a 104 Pr
K kg/m kJ=kg C kg/m s m2=s W=m C m2=s Dimensionless
250 1.4128 1.0053 1.5990 11.31 0.02227 0.15675 0.722
300 1.1774 1.0057 1.8462 15.69 0.02624 0.22160 0.708
Table 3
The surface roughness factor e [5]
Duct type Material e ð103 mÞ
Seamless ducts Steel 0.045
Seamless ducts Aluminum 0.045
Seamless ducts Plastics 0.01
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friction resistance factor, airﬂow, temperature, and thermal
properties of the air inside duct.
3.4. Air filter
A pressure drop, induced by the airﬂow through the
ﬁlter, varies with the temperature of ﬂowing air. The faster
the velocity of the airﬂow is, the bigger the pressure
difference over the ﬁlter will be. The pressure drop can be
calculated as follows:
DPpressure;drop ¼ Cf
1
2
rfv
2 ¼ Cfrf
1
2
_v
Aduct
 2
, (19)
where DPpressure;drop is the pressure drop over the ﬁlter (Pa),
Cf is the pressure loss coefﬁcient of ﬁlter (a ﬁlter material
characteristic), v is the average velocity of air cross the ﬁlter
(m/s), rf is the density of ﬁlter material ðkg=m3Þ. The
coefﬁcients Cf and r can be determined experimentally. In
Fig. 11 we show comparison results between the data from
experiments and the data obtained from theoretical
predictions by taking the average value. The two curves
coincide with each other quite well. Observed differences at
some points may be attributed to inaccuracy of experi-
mental equipment.
In Fig. 12 we present a SIMULINK implementation of
this model. The function block is the block for the
computation of the pressure drop over the ﬁlter. As
expected, the input airﬂow and physical properties of the
ﬁlter play an important role in the simulated output.
3.5. Pressure sensor
The ﬁnal component is the pressure sensor which is an
indispensable element in the design. The decision making in
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Fig. 10. Schematic block diagram of duct model in SIMULINK.
Fig. 11. Comparison of pressure drop obtained from experiments and
computed from the equation with average value of coefﬁcient.
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the system is based on the controller revaluation of the
difference between the required airﬂow and feedback airﬂow.
The main purpose of the pressure sensor is to sense the
output pressure which will be converted to airﬂow (we will
focus on this issue in some further details in the next section).
The dynamic model for the pressure sensor can be given
as follows:
DPout ¼
1
t
Z
ðDPin  DPoutÞdt. (20)
The time constant t in (20) represents the reacting
effectiveness of the pressure sensor. In most realistic
applications, the sensor has very short time delay and as
a rule it responds very quickly. In order to decrease the
computational cost in emulating the entire system the time
constant of the pressure sensor can be neglected.
4. Control system construction and simulation results
When the ventilation unit is installed in building environ-
ments, the volumetric airﬂow is usually set directly from a
hand-held terminal display. If we link all models that we
have described in the previous section, we can ﬁnd the output
of the plant system in terms of the pressure difference, and
our next step will be to establish a relationship between the
pressure difference and the volumetric airﬂow. The equation
connecting these two quantities can be written as follows:
_v ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DPtotal
c1
þ c2
s
 ﬃﬃﬃﬃc2p , (21)
where c1; c2 are constants taken as c1 ¼ 3003 and c2 ¼
0:000782 emperically, DPtotal (Pa) is the total air pressure
(sum of the dynamic pressure and static pressure, the
difference between the total pressure of the airﬂow out of
the ventilator, and the total pressure of the air ﬂow that
enters the ventilator).
In Fig. 13 we present the function block developed on
the basis of (21). This block acts as a feedback conversion
component within the entire control system.
In the situation we consider here the PI control should
be adequate, in particular when the process dynamics
is essentially ﬁrst order. A proportional controller will
help to reduce the rise time and also will reduce the steady-
state error. We can use the proportional gain parameter
for proportional adjustments. The integral feedback
loop will provide a corrective force that can eliminate
tracking error. Since the integral force is proportional to
the tracking error and increases linearly with time, the
integral adjustments can be made with integral gain
constant. A certain amount of trial and error is req-
uired for adjusting proportional and integral gain values,
with an interactive computer simulation before a satis-
factory design is obtained. In our particular example, of
the airﬂow control system, the proportional gain was
set at 0.003, while the integral gain was set at 20 (see
Fig. 14).
The ﬁnal ventilation control system is a multi-input-
multi-output (MIMO) system, and the control scheme for
this system can be evaluated by using a simulation which
comprises of several subsystems and control loops inter-
connected with each other within the MATLAB environ-
ment. Those feedback control loops can then be applied in
the ﬁnal product as we run software in a real-time
embedded processor due to robustness of the controller
and simplicity of tuning the parameters. Fig. 15 shows the
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Fig. 12. Schematic block diagram of air ﬁlter model in SIMULINK.
Fig. 13. Schematic block diagram for conversion from pressure to airﬂow (feedback gain) in SIMULINK.
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concept and overview of constant airﬂow control system,
whose idea is inspired by [3].
In Fig. 16 we present the function block for the airﬂow
plant model by adding a PI controller in SIMULINK.
Now, we are in a position to present our simulation
results Fig. 17 for each function block model within the
system which is implemented based on the structure of
Figs. 3 and 15 when subjected to the test data listed in
Table 4. In this context, 1. is the set-point, 2. is the output
temperature from the heat exchanger, 3. is the density of air
with bulk temperature, 4. is the diameter of the duct, 5. is
the number of poles of the AC Motor, 6. is the slip of the
ACMotor, 7. is the diameter of the air fan, 8. is the friction
resistance factor inside duct, 9. is the length of the duct, 10.
is the pressure coefﬁcient of the air fan. The test data
contains real measurements, estimations and computa-
tions. We note here that the thermal properties of air such
as viscosity, thermal conductivity, and density vary
considerably with temperature. Such property-variation
effects at a particular ﬂow cross section can be compen-
sated for by evaluating some (or all, if necessary) properties
at speciﬁed reference temperature with respect to the bulk
temperature.
The analysis shows that the reacting effectiveness of the
simulation result is around 40 s, but the saturation value is
decided by the corresponding setpoint precisely. The
process of reaching the steady state from initial conditions
will proceed through a peak that will not be beyond the
maximum airﬂow value. Comparisons with the experi-
mental results for the ventilation unit show that the model
can predict main features of the system dynamics. When
the user sets the required value, the program embedded
inside the mastercontroller will control the input frequency
to the frequency converter. In this way, the rotating speed
of the fan to produce the airﬂow can be controlled, and
during this process the airﬂow will reach a value that is
higher than the setpoint, after which it will go gradually to
the steady state.
We have varied the set-point airﬂow rate in sequence of
0.25, 0.30, 0:35m3=s within the limit of the maximum
airﬂow of system, in order to provide excitations similar to
the actual airﬂow control and to facilitate a rigorous
assessment of the controller. Fig. 18 shows the variation in
the steady state airﬂow and the reacting time constant
during the test data. The results are given to compare the
performance for the three different conditions. These
results were validated by comparing the behavior of the
model with the measurements and observed behavior of a
real system. Note that if the set-point is beyond the
maximum airﬂow, the output will not reach that value and
stay at the maximum level to protect the system.
5. Modeling and simulation of loading conditions
The ventilation unit is installed in the building environ-
ments via a ductwork. Therefore, in order to fulﬁll the
controlling strategy for temperature control and airﬂow
control, the issue related to the ventilating air itself needs to
be investigated. There are two kinds of loading conditions
to the plant model of ventilator. Firstly, the air inside the
room can serve as a load at the entrance of the extracted air
duct for ventilation (in order to implement the exhausted
air temperature control). Secondly, the air inside the duct
can serve as a load at the exit of the heat exchanger for
ventilation (in order to implement the supply air tempera-
ture control). The mathematical model for the heat
exchanger has been discussed elsewhere [9] and we do not
touch upon this issue here.
For a constant exhaust air temperature control system,
the unit should keep the exhaust air temperature constant,
let us say, for example, that the exhausted air temperature
should be controlled at 21 C (see Fig. 19). Therefore, we
need to analyze how the room air reacts with the ventilator.
It is easy in this case to develop a mathematical model to
simulate the system performance. The air temperature of a
room at any given time can be given by a heat-balance
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Design Data:
Temperature out of Heat Wheel;
Volumetric airflow;
Thermal properties of fluid flow;
AC Motor: Pole, Slip
Air Fan: Diameter, Pressure coefficient;
Air Filter:Density;
Ductwork: Diameter, Length, Friction
resistance factor.
Plant Model
of
 Air Flow Control
System
Predictions:
Total Pressure difference
of the entire system over
Air Filter, Air Fan, Duct.
Decisions:
Required Frequency to Frequency
Converter
Strategy:
PI Controller
Feedback
Input
Output
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Fig. 15. Concept and overview of the constant air ﬂow control system.
Fig. 14. Schematic block diagram of PI controller for airﬂow control
system.
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equation [5]:
XN
j¼1
ðAjqc;jÞ þ Fv þ Fic þ Fhc þ Fheater
¼ cp;indoorMR
qT indoor
qt
, ð22Þ
where the heat ﬂux exchanged by convection at each wall
element is ðAjqc;jÞ; Aj is the area of wall element, qc;j is the
convective heat ﬂux, Fv is the heat ﬂow exchanged by
ventilation, Fic denotes the convective part of heat ﬂow due to
internal heat gains from people, lights, appliances, inﬁltration,
etc., Fhc is the convective part of heat ﬂow due to the HVAC
system, Fheater is the heat ﬂow from the heater, and the
variation of energy in the room air is cp;indoorMR
qT indoor
qt . Here,
T indoor is the temperature of the indoor air (K), MR is the
mass of air and cp;indoor is speciﬁc heat of indoor air, while Fic
and Fhc can be neglected in practice.
Therefore, the dynamic model for the room temperature
can be written as follows:
cpVRr
qT indoor
qt
¼ lwall  AðToutdoor  T indoorÞ
þ _vcrccp;cðTh;in  T c;outÞ þ Fheater, ð23Þ
where Toutdoor is the temperature of outside door air (K),
Tc;out is the temperature of supply air from the heat
recovery section (K), Th;in is the temperature of exhausted
air (K), VR is the volume of the room ðm3Þ, rR is the
density of the air in the room ðkg=m3Þ, lwall is the heat
conduction coefﬁcient of the wall (W/mK), _vc is the
volumetric airﬂow of cold air ðm3=sÞ, rc is the density of
cold air from the heat recovery section ðkg=m3Þ, cp;c is
the speciﬁc heat of cold air from the heat recovery section
(J/kgK), while other parameters are speciﬁed in Nomen-
clature. In Fig. 20 we present the simulation function block
for the room air model constructed in SIMULINK.
For the room air model, the main affecting factors are
airﬂow, the heat conduction coefﬁcient of the wall, the
volume of the room and whether the heater is on or off.
The comparison of the performance of the model of room
air under different conditions are schematically illustrated
in Fig. 21. The results were obtained by varying the above
dominant factors.
More speciﬁcally, there are three detection cases of
operating conditions to compare the simulation perfor-
mance with variable inputs. The initial condition of the
room temperature was set at 288K.
Case No. 1: The heater is off, while the heat conduction
coefﬁcient is very small 0.001, similar to that of an
insulated occupant.
Case No. 2: The heater is on, while the energy is 100 J,
but the heat conduction coefﬁcient is big 2.000 (in which
case it is easy to transfer energy).
ARTICLE IN PRESS
Fig. 16. Diagram of block surface for constant airﬂow control system in SIMULINK.
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Case No. 3: The heater is off in the insulated occupant
situation, while the airﬂow from the ventilator increases
from 0.25 to 0.35.
ARTICLE IN PRESS
Fig. 17. Response of (a) Frequency converter, (b) AC motor, (c) air fan, (d) air ﬁlter, (e) duct, (f) computation of total pressure in SIMULINK within
airﬂow control system.
Table 4
Parameters speciﬁcations for constant air ﬂow control system at a speciﬁc
condition
1 0.35 m3=s
2 20 C
3 1.2542 kg=m3
4 0.3 m
5 2 Dimensionless
6 0.03 Dimensionless
7 0.27 m
8 0 Dimensionless
9 1 m
10 0.4362 Dimensionless
Fig. 18. Control system detection under three kinds of conditions.
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From analysis of these three cases, the following
conclusions can be reached. Within the same period of
time, temperature will reach the highest level when the
heater is on, even though the heat conduction coefﬁcient is
big. Temperature response effectiveness increases when
airﬂow increases with speciﬁed heat conduction coefﬁcient.
Let us consider now a different situation. As we know,
the temperature required in the supply air ducting is
displayed while the controller is keeping the supply air
temperature constant (again, it is assumed that a heater will
be required). Let us say, in this case, the supply air
temperature should be controlled at 19 C (see Fig. 22).
For the constant supply air temperature regulation
system, we need to analyze how the duct air reacts with
the ventilator. Again, this can be done easily by developing
a mathematical model to simulate the system performance.
The air temperature inside the duct at any given time can
be given by the following heat-balance equation:
_Qhr þ _Qheater ¼ cp;sV induct
dT s
dt
, (24)
where _Qhr is the convective part of the heat ﬂux due to the
heat recovery wheel (W), _Qheater is the heat ﬂow from the
heater equipped inside duct (W), cp;s is the speciﬁc heat of
ARTICLE IN PRESS
Fig. 19. Air inside room being a load to ventilation unit for exhausted air
temperature regulation.
Fig. 20. Schematic diagram of model for air inside room in SIMULINK.
Fig. 21. Performance comparison for room air model under three kinds of
conditions.
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supply air (J/kgK), V induct is the volume of the air inside duct
ðm3Þ, T s—is the temperature of supply air (K) (Fig. 23).
_mccp;cðTc;out  T sÞ þ _Qheater ¼ cp;s  Lduct  Aduct  rs 
dT s
dt
,
(25)
where _mc is the mass ﬂow rate of cold air (kg/s), cp;c is the
speciﬁc heat of cold air from the heat recovery section (J/
kgK), Tc;out is the temperature of the cold air from the heat
recovery section (K), Aduct is the area inside the duct ðm2Þ, rs
is the density of supply air from the duct ðkg=m3Þ, and other
parameters are speciﬁed in Nomenclature.
For the model of the duct air, the main affecting factors
are airﬂow, material and shape of the duct, friction
resistance, and whether the heater is on or off. The
comparison of the performance of the model of air inside
duct under different conditions are presented in Fig. 24.
These results were obtained by varying the above dominant
factors.
More precisely, there are three detection cases of
operating conditions to compare the simulation perfor-
mance with variable inputs. The initial condition of the
temperature of the air inside duct was set at 278K.
Case No. 1: The heater is off, and the length of duct is
one meter.
Case No. 2: The heater is on, the energy is 100 J, duct is
5m long (this will increase the pressure drop correspond-
ingly).
Case No. 3: The heater is off, airﬂow from ventilator
increases from 0.25 to 0.35.
By analyzing the results the following conclusions can be
drawn. Temperature will reach the highest level when the
ARTICLE IN PRESS
Fig. 22. Air inside duct being a load to ventilation unit for supply air
temperature regulation.
Fig. 23. Schematic diagram of model for air inside duct.
Fig. 24. Performance comparison for duct air model under three kinds of
conditions.
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heater is on, even though the length of the duct is long
which will increase the pressure drop. The reacting time is
large compared with other conditions because of the large
volume of the air inside the duct. Temperature response
effectiveness increases when airﬂow increases with speciﬁed
heat conduction coefﬁcient.
Our ﬁnal remarks will be related to the model of the
temperature sensor which can be developed as follows:
Tout ¼ 1
RthC
Z
ðT in  ToutÞdt, (26)
RthðvÞ ¼
1
s1 ð1þ s2 
ﬃﬃ
v
p Þ ¼
1
s1 1þ s2 
ﬃﬃﬃﬃ
_v
A
r ! , (27)
where T in is the actual (real) temperature which needs to be
sensed (that is the input of the sensor), Tout is the sensed
temperature (that is the output of the sensor), the thermal
capacity C ¼ _mcp ¼ _vrcp and the thermal resistance RthðvÞ
are determined by the velocity of airﬂow _v which ﬂows
through the sensor. From experiments, the constants s1; s2
are determined to be 0.001735 and 0.58, respectively. The
model identify the thermal resistance coefﬁcient RthðvÞ as a
function of airﬂow. The corresponding function block was
constructed in SIMULINK and shown in Fig. 25.
Models for the airﬂow control system, loading condi-
tions, sensors developed here supplemented by a model for
the heat exchanger provide a way to construct the entire
regulation system for the ventilation unit.
6. Conclusions
In this paper we focused on the model-based analysis
and simulation of the airﬂow control system of a typical
ventilation unit operating in building environments. We
considered essential block components of the system
together with conventional PI controller implementations.
The dynamic responses obtained from simulations with
mathematical models developed for each such a block have
been compared with the measurement and experimental
data. We analyzed the performance of the constant airﬂow
control scheme and provided the results of the simulations
for two typical loading conditions for the ventilation units
installed in building environments. Aiming at the analysis
and simulation of the behavior of the airﬂow control
system for a typical ventilation unit operating in building
environments, the main achievement of this work is the
modeling and connection of individual components, and
application of the PI controller for the entire air ﬂow
controlling system. The closed-loop dynamic performances
have been compared with measurements demonstrating
good agreement. Some important parameters have been
identiﬁed through experiments. The obtained results
showed that the designed control system is ﬂexible enough
to satisfy all the imposed constraints with varied operating
and loading conditions in order to fulﬁll the thermal
comfort requirements for the extract air from the room and
supply air to the room.
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